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AN INVESTIGATION OF AIRCRAFT HEATERS 

XXII - MEASURED AND PREDICTED PERFORMANCE 0? A 

FLUTED-TYPE EXHAUST GAS AND AIR HEAT EXCHANGER 

By L. M. X. Boelter, A. G. Gulbert, J. M. Rademacher, 

and F. E. Romle 

SUMMARY 


Data on the thermal performance and the static and total 
pressure drop characteristics of a fluted-type exhaust gas 
and air heat exchanger are presented, A shroud which produced 
parallel flow of the fluids was used in these tests. 

The weight rates of exhaust gas through the heat ex- 
changer were "varied from 1900 to 5200 pounds per hour and the 
weight rateB of ventilating air were varied from 1500 to 4600 
pounds per hour. The inlet temperature of the exhaust gaB 
was maintained at approximately 1600° F. 

Total pressure traverses and static pressure measurements 
were recorded at several points upstream and downstream from 
the heater section in the ventilating air side of the unit un- 
der isothermal and non-ri sothermal conditions. Over-all iso- 
thermal and non-i sothermal static pressure drops were measured 
across the exhaust gas and ventilating air sides of the exper- 
imental heater-duct system. 

The measured thermal outputs and pressure dropB are com- 
pared with predicted magnitudes. 


INTRODUCTION 


The performance characteristics of this fluted-type heat 
exchanger, designed for use in the exhaust gas streams of 
aircraft engines for cabin heating systems and for wing- add 
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tail-surface anti-icing systems, were Investigated, using 
the large test Btand of the Mechanical Engineering 
Laboratories of the University of California. 

The following data were obtained: 

1. Velght rates of the exhaust gas and ventilating air 

through the respective sides of the heat exchanger 

2 . Temperatures of the exhaust gas and ventilating air 

at inlet and outlet of the exchanger 

3. Over-all static pressure drops (isothermal and non- 

. isothermal) across the exhaust gas side of the 
heat exchanger and also across the ventilating air 
side of the heat exohanger both when the air 
flowed out of the "cabin-air" duct and also when 
the air flowed out of the "overboard" duct. (8ee 
fig. 1.) Also, static pressure measurements under 
Isothermal and non-i sothermal conditions were 
taken at six points arranged around the periphery 
of the shroud, three at the uustream end, and three 
at the downstream end of the heater section. The 
Isothermal static pressure drop on the exhaust gas 
side across the beat exchanger al on e was also 
measur ed . 

4. Total pressure traverses on the ventilating air side 

at seven points on the periphery of the shroud; 
three of these being traverses at the upstream end 
of the heater section, three at the downstream end, 
and one in the center of the heater section within 
one of the air side flutes. An eighth total pres- 
sure traverse was made on the ventilating air side- 
across that exit duct which conveys the cabin air. 
These total pressure traverses were made under iso- 
thermal and non-i sothermal conditions. 

This investigation, part of a research program conducted 
on airoraft heat exchangers at the University of California, 
was sponsored by and conducted with the financial assistance 
of the National Advisory Committee for Aeronautics. 
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SYMBOLS 


A area of heat transfer, ft 3 

Ajj cross-sectional area of flov for either fluid meas- 

ured within the heater, ft 3 

A x cross-sectional area of flov taken at the inlet pres- 

sure measuring station, ft 3 

A a cross-sectional area of flow taken at the outlet pres- 

sure measuring Btatlon, ft 3 

Cp heat capacity of the fluid at constant uressure, 

Btu/lh °F 

D hydraulic diameter, ft 

f 0 unit thermal convective conductance (average with 

length), Btu/hr ft* °P 

f c A thermal conductance of either fluid, Btu/hr °P 


AT i bo 


€ 

G 

K 


l 


isothermal frictional pressure loss across the heater 
section at temperature T i so » 11>/ft 3 

gravitational force per unit of mass, lb/(lb Bec 3 /ft) 
weight rate of fluid per unit of area, lb/hr ft 3 

Isothermal head loss coefficient defined by the equa- 

AP u m a 

ti on -r — = K ~— 

* 2g 

length of a duct measured from the entrance, ft 


m ratio of the cross-sectional area of flow before ex- 

pansion of the fluid passage to that after expan- 
sion of the fluid passage 

q measured rate of enthalpy change of the fluid, Btu/hr 

or k Btu/hr (k Btu designates kilo Btu, or 1000 Btu/hr 


' av 


arithmetic average mixed-mean absolute temperature of 
fluid = Tl - * . T ? , °E 
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T i B0 mixed-mean absolute temperature of fluid for the iso- 
thermal pressure drop testp, °R 

T -mixed-mean absolute temperature of the fluid, °R 

u ffl mean Telocity of fluid within the fluid passage, ft/seo 

U over-all unit thermal oonduotance, Btu/hr ft 8 °T 

UA over-all thermal conductance, Btu/hr °7 

W weight rate of fluid, lb/hr 

Re Reynolds number «= 3-D/ 3600 u g 

Y weight density of fluid, lb/ft 3 

AP static pressure drop, lb/ft 3 

APtotal total pressure drop, lb/ft 3 

AP n pressure drop, inches of water 

£ isothermal friction factor defined by the equation 

Ap frlc _ *. I u m a 
Y ^ D 2g 

Mi viscosity of the fluid, lb sec/ft 3 

T mixed-mean temperature of the fluid, °7 

cp heater effectiveness for parallel flow of fluids. 

This effectiveness is defined by the equation 

<a = w a °p a (* gl - T a Vp 

Subscript s 

a ventilating air side 

c convective conductance (f ot etc.) and also sudden 

contraction (K c ) 

e sudden expansion 

g the exhaust gas side 
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h heater 

m mean values at any section of the heater (u m ) 

p parallel flow 

av arithmetic average 

contr sudden contraction 

gr oontr gradual contraction 

gr exp gradual expansion 

fric friction 

iso isothermal conditions 

non-iso non-i sothermal conditions 

1 point 1, entrance' of section of heater 

a point 2, exit of section of heater 

DESCRIPTION OP HEATER AND TESTING PROCEDURES 


The fluted-type heat exchanger tested was a parallel 
flow unit with 30 alternate exhaust gas and ventilating air 
passages. (See fig. 1.) It was similar in design to the 
fluted-type heat exchangers tested previously and reported in 
references 1 and 2. 

The ventilating air shroud used (see fig. l) was a design 
for an actual aircraft installation. It produced parallel 
flow of fluldB along the heater section. There were two exit 
ducts for the ventilating air. One, termed the overboard duct, 
conducted some of the ventilating air away from the heater 
section and the other duct, termed the cabin-air duct, con- 
veyed the remainder. Only one of these exits was used at any 
one time during the tests. 

The static pressure drops across the test setup (entrance 
ducts, heater, exit duct s ) were measured on each side of the 
heat exchanger by means of wall taps at the inlet and outlet 
ends of the entrance and exit ducts. Static pressure drops 
were also measured acrosf the heater section on the ventilat- 
ing air side by means of special "button" taps which were 
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inserted at three points on the periphery of the shroud at 
the entrance to the heater section and at another three 
points at the exit to the heater section. The readings ob- 
tained with these button taps were compared with those ob- 
tained using ordinary wall taps and, for the range of weight 
rates per unit of area employed in these testg, they were 
found to be about 1 to 3 percent lower than those obtained 
with the wall taps. The error involved in the measurement of 
a pressure drop probably would be smaller, because the veloc- 
ities at the two pr essur e-meaBur ing stations are approximately 
the same . 

Total pressure measurements were taken at the same sec- 
tions of the shroud where the static pressures were measured. 
Shielded total pressure tubes, which gave constant readings 
even when the angle of the total pressure tube with respect 
to the direction of flow varied up to approximately ISO 0 , were 
used for the measurements. 

All pressure drop measurements were made under isothermal 
and non-i sothermal conditions, except for the static uressure 
drop across the exhaust gas side of the heat exchanger alone, 
which was taken under isothermal conditions only. 


METHOD OF ANALYSIS 
Heat Transfer 


The evaluation of the thermal output of the heat ex- 
changer and duct system was based upon the enthalpy change of 
the ventilating air as given by the equation: 

la ■ ». c p a < T a, - T ai > (1) 

in which Op a » the heat capacity of the air, was evaluated 

at the arithmetic average ventilating air temperature. fig- 
ure 2 presents a plot of q a as a function of V a at con- 
stant values of the exhaust gas rate W g . 

Tor 'the ideal case of a heat exchanger thermally insu- 
lated from ltB surroundings, the enthalpy change of the 
exhaust gas, 

" v e °P g (T ei - T g,>* < 3 > 

*The heat capacity of the exhaust gas Cpg is taken as 
that of air at the average exhaust gaB temperature. 
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would 'be equal to the enthalpy change of the ventilating air 
q a . However, because the heat balance ratios qg/q a (see 

table I) Indicate that the enthalpy changes are not equal In 
the actual case, and because experience has shown that q a 

is the more reliable value, the enthalpy change of the venti- 
lating air q a Is chosen aB the value for the heat- transfer 
rate . 


The prediction of the thermal output of the unit was at- 
tempted. It must be stated that the thermal output determined 
experimentally was not that of the heater alone but that of 
the heater and those sections of the exhaust gas ducts which 
were covered by the ventilating air shroud. Because It would 
have been difficult to measure separately the contribution of 
each section to the heat transfer, only the sum of these con- 
tributions was measured. 

The predictions of the heat transfer rate are based upon 
the division of the heater-duct system into three sections 
and the summation of the thermal output of each section In 
order to obtain the total heat transfer rate. The comparison 
of measured and predicted values of the over-all thermal con- 
ductance UA, which is the quotient of the total heat trans- 
fer rate divided by a mean temperature difference, is not 
made In this report because the over— all unit thermal conduct- 
ance U varied greatly in the three sections of the heater. 

The over-all thermal conductance, if calculated, would then 
be some mean of those which obtained over the Individual sec- 
tions and would be only an approximation in evaluating the 
performance of the unit for other Inlet temperature conditions. 

Tor the prediction of the thermal output it was necessary 
to apply a step-by-step calculation at each section because 
only the temperatures at the entrance to the first section of 
the heater system (and the weight rates of the fluids) were 
knawn. The calculation began with an estimation of the tem- 
peratures at the exit of the approach section, in order to es- 
timate the mean temperatures of the fluids. These are needed 
for the calculation of the unit thermal convective conduct- 
ances of the two fluids within the approach section. The 
equation used to determine the unit thermal convective conduct- 
ances for the ventilating air and exhaust gas at any section 
was 

f 0 « 5.4 X 1CT 4 (i + 1,1 |) (3) 
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where 

T av estimated arithmetic average temperature of fluid 

G weight rate of fluid per unit cross-sect lonal area 
D hydraulic diameter of passage 

l length of passage 

The unit thermal conductances calculated In this manner In- 
clude the "entrance effect 11 correction factor 1 + 1.1 L/l, 
which Is used to account for the higher values of the unit 
thermal conductances along the entrance length of a heat 
transfer surface before the boundary layer completely fills 
the passages. (See reference 2.) 

From the unit thermal conductances and the heat transfer 
areas, the over-all thermal conductance for each Individual 
section was calculated according to the equation: 

UA » 1 (4) 

(£) *(£) 

a g 

(See reference 3, equati on (46) . ) From these over-all thermal 
conductances and the inlet temperature conditions, the thermal 
outnut of each section was ccmnuted. The equation amuloyed 

wa s 


q = w a c p a ( T g! “ T a x ) <Pp 


(5) 


where 

W a weight rate of ventilating air 
Cp a heat capacity of ventilating air 

Tg x Inlet temperature of exhaust gas at that section 
T a inlet temperature of ventilating air at that section 


qj heater effectiveness for parallel flow (a function of UA, 
w a c P a ’ and W g c pJ 


FACA ABE Fo. BA11 


9 


The value of the heater effeotivene se qj^ was obtained from 
a plot of qpp aa a function of the ratio tf a Op a /W g , 
using UA/W a cp a aa a parameter. (See reference 3, fig. 32.) 
The equation: 


«Pp 


1 - e " (l + Wa c Pa/ V g °P g ^ UA / y a Qp a ) 
1 + V a °P a / v g °P g 


( 6 ) 


which la the basis for the plot mentioned above, is derived in 
reference 4. By using the value of cpp calculated, the exit 

temperatures postulated for the approach section were checked. 
If the agreement was satisfactory, the exit temperatures cor- 
responding to the qpp calculated were used as the inlet tem- 
peratures for the heater section. Fluid temperatures at the 
exit of the heater section were postulated to find the mean 
temperature of each of the fluids in that section and the proc- 
ess of calculation was repeated for the heater section. The 
same procedure was applied to the exit section to complete the 
calculations. The predicted thermal output of the unit was 
then obtained by summation of the thermal outputs predicted 
for each section. 


SAMFLX CALCULATIONS 


Compute the thermal performance of the heat exchanger- 
duot system for the following conditions: 

T a l - 96° F » 655° R W a = 3000 lb/hr 

T = 1600° F * 2060° E W g = 3050 lb/hr 

Only the computation of the thermal performance of the 
entrance section is given here, since the others are entirely 
similar, all of them being based on the equation: 

4a - *a c p a < T gl - <Pp 

where the subscripts l refer to the conditions at the inlet 
of the seotion under consideration. 

Determine q>p for the entrance sect 1 o n . 
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Unit thermal convective 
equation: 


f 0 - 5.4 X 10 


conductances determined 


“4 m O . 3 & 

J, av 


o. e 


o.a 


( 


1 + 1.1 


from the 



a. Tor the ezhauet gas Bide: 

2Plov area = 0.217 ft 3 


& a 1 m 3 050 
A 0.217 


14,000 lb/hr ft 3 


D * 0.526 ft 


Correction (l + 1.1 D/l) is not applied because a new 
boundary layer is not formed here. Sstimated temperature of 
exhaust gas at outlet of entrance section: 

1540° T = 2000° R 

a 3QQQ - ± SQ6P s 2030° R 

^ OS 

f c = 5.4 X 10~ 4 ( 2030) 0,3 .0-4000) 

( 0 . 526 ) ° ’ 3 

= 5.4 x 10~ 4 X 9.84 X -^0§0_ 

0.819 

f c = 12.6 Btu/hr ft 3 °T 


Heat transfer area = 3.87 ft 3 
f c A = 12.6 X 3.87 = 48.6 Btu/hr °T 


b. 


Tor the ventilating air side 
Tlow area = 0.254 ft 3 

& = Y = 77 - ° - °° = 11,800 lb/hr ft 3 
A 0.254 ' 

D = 0.222 ft 

1 + 1.1 B/l correction is not applied.. 
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Postulate temperature of ventilating air at outlet of entrance 
section a 145° 7 = 605° E 


T av » J^5.+_6 as = 58 q0 b 
3 

’f a 5.4 X 1CT 4 (580)°* 3 1 rn 6.4 x 10“ 4 X 6.74 X 1810 

(0.333) °‘ a °* 740 

= 8.94 Btu/hr ft® °7 


Heat transfer area a 3.87 ft a 

f C A = 8.94 X 3.87 a 34.7 Btu/hr °7 
The over-all thermal conductance: 


UA 


(*c±) a + (fc A )g 




0.0306 + 0.0288 0.0494 


30.3 Btu/hr °7 


48.6 34.7 


Tlnd cpp from chart , figure 33 of reference 3 


°Pa _ 3000 X 0.343 
W g c p g 3050 x 0.278 


0.867 


UA 


30.3 


W a c pa 3000 X 0.342 


0.0279 


If the preceding values are Inserted Into the chart referred 
to, there Is obtained 

qpp = 0.026 

Therefore, the thermal performance of the entrance section Is: 
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q = V a o Pa <T gi - T fti ) q> p «= 3000 X 0.343 x 1505 X 0.036 
» 38,400 Btu/h r 


From the relationships: 

q. a W a Op a ( T a a “ T a l ^ “ W g °p g ^ T gi ~ T ga^ 

T <= 135° F 
a a 

T_ = 1566° T 
ea 

These values agree sufficiently well with the exit tempera- 
tures estimated for the above calculation. 

The preceding temperatures are the Inlet temperatures 
of the heater section. If fluid temperatures at the outlet 
of the heater section are postulated, the thermal performance 
of that section is calculated and then, in turn, the thermal 
performance of the exit section is obtained. The results of 
the calculations are: 


T a ( In) T a (out) T g (in) T g (out) f c& f c UA ipp (Ja 

(°I) (Op) (°T) (°j) (Btu/iu.0],) (fcBtu/hr) 


Entrance 

soctlon 

95 

135 

1600 

1566 

2.94 

12.6 

20.2 

0.026 

28.4 

Heater 

section 

135 

331 

1566 

1393 

15.7 

16.2 

117 

.134 

139 

Exit 

section 

331 

352 

1393 

137 1 * 

6.38 

11.6 

12.8 

.0176 

13.6 


Thermal performance of heater-duct system: 

q a = 38,400 + 139,000 + 13,600 = 181,000 Btu/hr 

Experimental value (interpolated from plot of q a vs W a 
In fig. 3); 

q a = 330,000 Btu/hr 
Percentage deviation « 18 percent 
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PEE 8 SUES DBOP 
Isothermal Pressure Prop 


The Isothermal static -pressure drop on the exhaust gas 
side of the heater section alone was measured experimentally. 
The 'predicted pressure drop was based upon the following par- 
tially idealised system: 

(a) Static pressure drop in a converging adapter from the 
upstream pressure measuring section to the heater, as given by 
the equation: 


A\P 


gr contr 


u m a 




"gr contr ' gr contr 


0.04) 


(7) 


where u m is the mean velocity of flow at the heater end of 
the adapter, and Kg r contr is a "head loss" coefficient for 
gradual contraction of the air obtained from reference 5. 

(b) Static pressure drop due to a sudd en contraction in 
the area of flow- as the gas enters the fluted section of the 
heater, given by the equation: 


= I. — <K C - 0.02) (8) 

Y c 2g c 

where Uj„ 1 b the-me-an velocity in the fluted section of the 
heat-er and K c is a head loss coefficient for sudden contrac- 
tion, obtained from reference 5. 

(c) Static pres-aure -drop due to friction losses within 
the fluted section- of the heater, given by the equation: 

Y * D 2g 

where u m i s- evaluated— for "trhe area of the fluted seotion 
and £ is the friction factor for commercial pipe, obtained 
from-- ref ere-nce 6. 

(d) Static pressure drop due to a sudden expansion in 
the area of flow as the gas leaves the fluted section of the 
heat-er, given by the equation: 
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*e 


ti m a 

3g 


(K e 


O.Oll) 


( 10 ) 


where u m Is evaluated for the area of the fluted section of 
the heater and K e Is a head loss coefficient for sudden ex- 
pansion, equal to (l - m) 3 where m Is the ratio of the two 
areas of flow. 

(e) Static pressure drop due to sudden contraction In 
the area of flow as the heater end changes from a circle to 
an ellipse of smaller area, given by the equation: 


* . ? cjq ntr „ ( K(? = 0 .13) (ll) 

where u m is evaluated for the area of the ellipse and K c 
is determined, as before, from reference 5. 

(f) Static pressure drop due to gradual expansion of the 
flow area from the elliptical heater end to the circular pres- 
sure measuring section, given by the equation, 

e3C P ~ 2 g~ ^gr exp = 0.097) (12) 

where u m Is evaluated for the flow area at the elliptical 
end of the heater and eXT) Is a head loss coefficient 

for gradual expansion, equal to (l - n)(l - m 3 ) where m Is 
the ratio of the flow area before expansion to that after ex- 
pansion, and (l - n) Is an efficiency factor which is given 
by figure 11 of reference 5. 

The summation of the pressure drops from a, b, o, d, e, 
and f is then the predicted value of the static pressure 
drop across the heater section and the adapters used In mak- 
ing the isothermal tests. The predicted values (see table IT 
and fig. 5) were, on the average, within 25 percent of the 
measured values. 

The isothermal static pressure drop across the heater 
section alone on the ventilating air' side was predicted In a 
similar manner. However, Blnce the measurments were actually 
made at the entrance and exit of the heater Beotlon, there 
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were only three pressure drop terms to consider: (a) a sudden 
contraction (K 0 = 0.16), (b) frictional pressure drop vithin 
the fluted section of the heater, and (o) a sudden expansion 
- (K e * 0.24).. .The.same. basic equations were applied and the 
sum of the three terms calculated. Comparison with the meas- 
ured values showed that the maximum deviation, over the range 
considered, was about 12 percent. The experimental data and 
predicted values are given in table II and are plotted as a 
function of the ventilating air rate in figure 3, 

The isothermal total -pressure drop across the heater 
section alone on the ventilating air side was predicted by 
adding the Iosb in velocity head to the calculated static 
pressure drop. These predicted values differed from the 
measured values by about 13 percent, on the average. Table 
II presents the experimental data and the predicted values of 
the total pressure drop aoross the heater section alone on 
the ventilating air side. A plot of the data and the predic- 
tions as a function of the ventilating air weight rate is 
presented in figure 4. 


Non-I sothermal Pressure Drop 

The non-i sothermal Btatlc pressure drops across either 
side of the heat exchanger were predicted from the isothermal 
measurements, using the equation (see reference 3, equation (5*0) 


^(static)non-iso 



so 


x 



13 


(■ 


w y 


3600 


3g Y x A h 3 


+ 1 


) if - (if)' + l ] (13) 


in which 

A^lso Isothermal frictional pressure loss aoross the heater 
section at temperature ^leo 

T 1 mixed-mean absolute temperature of the fluid at the 

inlet end of the heat exchanger 

T a mixed-mean absolute temperature of the fluid at the 
outlet end of the heat exchanger 
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T av arithmetic average of T x and T a 
V weight rate of fluid 

y x weight density of the fluid, evaluated at temperature T x 

A x cross-sectional flow area at upstream pressure tap 

A a cross-sectional flow area at downstream pressure tap 

A^ croes-sectlonal area of flow within the heater 

The non-1 eothermal static pressure drop across the 
exhaust gas side of the heater-duct system was predicted by 
considering the isothermal static pressure drop as being equal 
to the isothermal frictional pressure loss. This substitution 
is quite valid because the cross-sectional areas of flow at 
the upstream and downstream pressure taps were equal. (See 
reference 3.) 

This substitution was not possible in the prediction of 
the non-1 sothermal static pressure drop across the heater sec- 
tion alone on the ventilating air side because the flow areas 
at the points where the static pressures were measured, the 
upstream and downstream ends of the heater section, were not 
equal. Tho term AT ig0 , the Isothermal friction loss, was 
therefore replaced by the isothermal drop in total pressure , 
for this case. 


The measured and predicted non-1 sothermal static -pressure 
drone on either side of the heater are compiled in tables III 
and IV, and plots of t-hese values as functions of the weight 
rate of the respective fluids are given in figures 3 and 6'. 

The predicted non-1 sothermal static pressure drops were, on 
the average, within 13 peroent of the measured values. 


Tor prediction of the non-1 sothermal total pressure drop 
across the ventilating air side of the heater section alone, 
the equation used was (See reference 3, equation (54a).): 


^ p ( total )non-i so " ^iso 







0 


( 14 ) 


where 
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AF^ go isothermal friction pressure loss across the heater sec- 
tion at temperature T j s0 

T av arithmetic average of T a and T s , the mixed-mean abso- 
lute temperatures of the ventilating air at the inlet 
and outlet ends of the heat exchanger, respectively 

W a weight rate of the ventilating air 

Y 1 weight density of the ventilating air, evaluated at tem- 
perature Tj 

Aft cross-sectional area of flow within the heater 

Because of the fact that the cross-sectional areas of flow 
were not the same at the points at which the total pressure 
measurements were taken, the isothermal static pressure drop 
AP^ S0 cannot he substituted for the isothermal friction pres- 
sure loss AP igo , For this case, the term is replaced 

by the isothermal total pressure drop across the section. 

This equation is obtained from the previous equation (13) by 
transposing to the left-hand side two terms on the right-hand 
side which are the velocity pressures at points 1 and 3, and 
thus obtaining the expression for the total pressure drop. 

A summary of the measured and predicted total pressure 
drops is given in table III and a plot of these values as a 
function of ventilating air weight rate is presented in fig- 
ure 4. The deviation of the predicted values of the non- 
isothermal total pressure drop on the ventilating air side 
from the measured values was , on the average, within 13 per- 
cent . 


DISCUSSIOH 


The results of the tests on this fluted-type heat 
exchanger using the parallel-flow-type B-3 shroud are shown 
graphically in figures 2 to 7, These graphs are based on the 
data presented in tables I to V. 
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Heat Transfer 

The predictions of the over-all thermal performance of 
this fluted-type heater, using the parallel-flow-type shroxid 
were, on the average, within 18 percent of the experimental 
values. A more complete analysis would have included the ef- 
fect of heat transfer by radiation (reference 3, pt . I, sec. fi) 

between the heater surfaces and also by gaseous radiation 
(reference ?) hy the exhaust gas and the heater shell. 

Although surface temperatures ware not measured, at high 
gas rates and low ventilating air rates, the heater surfaces 
were a light orange-red color. Computations, based on the 
calculations of the over-all thermal performance, gave approx- 
imately 1200° F as the temperature of the heater surface for 
this combination of ventilating air and exhaust gas rates. 

For these weight rates it is probable that the heat transfer 
by radiation was not negligible. A rough computation of the 
heat transferred from the core to the shroud by radiation, 
and then from the shroud to the ventilating air by convection 
shows that this manner of heat transfer could account for ap- 
proximately 15 to 20 percent of the heat transfer, thus lower- 
ing the discrepancy between the predicted and measured values 
of q a . 

Another partial explanation of the discrepancy between 
predicted and measured values of the over-all thermal per- 
formance may be that thermal stresses which distort the heater 
passages will affect the performance of the heater if the 
thermal resistances are altered. The calculations revealed, 
however, that the thermal resistances were on the two sides 
of the surface, for the most part, of the same order of magni- 
tude and, therefore, changes in area would have little effect 
upon the thermal performance unless these changes were rather 
pronounced . 

From figure 2, it can be noted that the thermal output 
of the heater unit was not greatly affected by the use of the 
cabin air duct instead of the overboard duct as the ventilat- 
ing air exit. At the maximum weight rate, the result of usin 
the cabin air duct as the ventilating air exit was to increas 
the thermal output by about 15 percent above that obtained 
when using the overboard duct as the exit . The increase be- 
came less noticeable at lower weight rates. 


W> a) 
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Pressure Drop 

The Isothermal static -pressure drop on the exhaust gas 
side of the heater section alone was not measured directly, 
hut with the addition of a converging and a diverging adapter. 
The static pressure drop across the adapters could not he 
measured directly, hut calculations indicate that it comprises 
about 10 percent of the measured value. The pressure drop 
across the heater section alone can he estimated by deducting 
from the measured over-all values the calculated values of 
the pressure drop across the adapters. Prom figure 5, it can 
he noted that though the predicted values of the static pres- 
sure drop across thd heater and adapters were lower than the 
measured values, the slopes of the two curves were essentially 
similar . 

The predicted curves of the isothermal static and total 
pressure drou s across the ventilating air side of the heater 
section alone have slopes which are greater than those of the 
plotted measured values. This may he due, in part, to the 
fact that the idealized system across which the pressure drop 
was predicted may not have given sufficient weight to the ef- 
fect of friction. 

Three-point total pressure traverses were made within the 
f lut e s of the heater shell on the ventilating air side under 
isothermal and non-i sothermal conditions. At all weight 
rates, it was found that the total pressures were highest at 
the bottom and center of the flute. (See table V and fig. 7.) 
The pressure distributions obtained are not too significant 
because, owing to the lack of a smaller total pressure tube, 
the effect of the walls was greater than is desirable. 

The total pressure drop across the bend of the cabin air 
duct was about 60 percent of that across the heater section 
alone, for isothermal conditions, and about 70 percent of 
that for non-i s other mal conditions. 


Non-I sothermal Pressure Drop 

The n on-i s othermal static pressure drop across the ex- 
haust gas side was determined for the whole unit because it 
was not possible to measure the pressure 'drop across the 
heater section' alone . 

The predictions of the non-i sothermal static and total 
pressure drop across the heater section alone of the 
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ventilating air side were within approximately 8 percent of 
the experimental data. 

. . She limitations of equations (13) and (14) are discussed 
In reference 3. It may he stated here, though, that the er- 
rors are mainly in the oorreotlon of the expansion and con- 
traction losses by a term f ( 1, which should be used 

Oise' J 

only to correct frictional losses, and also In the use of an 
average density to correct approximately for the variation of 
pressure drop with changes of density caused by temperature 
and altitude effects. However, the first of these corrections 
Is small, and, Bince It usually overcorreots the entrance 
losses and under correct s the exit losses (or vice-versa, 
depending upon whether the fluid Is heating or cooling), the 
error introduced 1 b minimised. The second Item Is only an 
approximation because an arithmetic average temperature Is 
used, but again because the errors Introduced at entrance and 
exit tend to cancel one another, the net error Is not so 
great as it would seem upon first inspection. 


CONCLUSIONS 


Performance data have been taken on a flute-type heat 
exchanger, using a par allel-f 1 oW-type shroud, and the results 
compared with predicted values. The thermal performance of 
the heater-duct system was predicted within about 18 percent. 
The pressure drops (isothermal and non-i sot hernial , static and 
total) were predicted with an average deviation ranging from 
8 to 25 percent. The majority of the predictions deviated 
from the measured pressure drops by about 12 percent. 


University of California, 

Berkeley, Calif., July 23, 1944. 
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TABLE I EXPERIMENTAL RESULTS ON FLUTED-TYPE HEATER 
USING B-3 SHROUD 
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TABLE II.- MEASURED AND PREDICTED ISOTHERMAL PRESSURE DROPS 

VENTILATING AIR SIDE 


Run 

W a 

(lh/hr) 

Static 

AP" 

Total 

AP" 

Measured 
(in. H 2 0) 

Predicted 
(in. H 2 0) 

Measured 
(in. H 2 0) 

Predicted 
(in. H a 0) 

Pressure Drop 

m 

across the Heater Section Alone (plotted in figs. 3» 4-) 



(Sections A-A and B-B) 


1 

1010 

0.16 

0.l4 

0.19 


2 

2280 

.65 

.67 

.66 

1 R9 

3 

3870 

1.71 

1.74 

1.71 


4 

5940 

. 

3-75 

3.94 

3.16 

■n 


Pressure Drop across the Heater- 

■Duct System, 



U sing the Overboard 

Duct as Ventilating Air Exit 




(Sections D-D and H-H) 


12 

1010 

0.43 




11 

2250 

1.53 




10 

3250 

4.09 




9 

5510 

7.20 





Pressure Drop across the Heater- 

-Duct System, 



Using the Cabin-Air Duct as Ventilating Air Exit 



(Sections D-D and F-F) (Measurements corrected to equal 

areas) 

l 

1010 

0.51 




27 

1510 

.89 




2 

2220 

1.88 




3 

3270 

5.11 




26 

5000 

7-4-9 




4 

- 

5940 

11.3 






Pressure Drop across the Cabin-Air Duct Elbow (plotted in fig. 7 ) 



(Sections B-B and F-F) 


27 

1510 



0.17 


2 

2280 



.44 


3 

3870 



1.30 


26 

5000 



1.71 


4 

5940 



2.51 



NOTE: See fig. 1 for the location of the sections. 
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TABLE III.- MEASDBED AHD PREDICTED NOR- ISOTHERMAL PHIS SURE DROPS 

TOHTILATIUO AIR SIDE 


Run 

Va 

(lh/hr) 

Static AP n 

Total AP" 

Measured 
(in. H a 0) 

Predicted 
(In. HgO) 

Measured 
(in. H a 0) 

Predicted 
(in. H 3 O) 

Pressure Drop across the Heater Section Alone (plotted In figB. 3» 4) 

(Seotions JUA and B-B) 

23 
22 

24 

25 

1430 

2200 

3200 

4600 

0.6S 

1.32 

2.00 

3.43 

0.60 

1.16 

2.01 

3-47 

0. 59 

1.29 

1. s4 
3.35 

0.59 

1.17 

2.00 

3.51 

Pressure Drop acrosB Heater-Di 
Using the Overhoard Duct as the Vanl 
(Sections D-D and H-I 

ict System, 
Hating Air Exit 
0 

H 

1520 

2610 

4510 

1.52 

3.53 
8.60 




PresBure Drop across Heater-Di 
Using the Cahln-Alr Duct as the Venl 
(Sections D-D and 7-3 

ict System, 

; ilating Air Exit 
P) 

23 
22 

24 

25 

1430 

2200 

3200 

4600 

1.52 
2.79 
4. 86 
8.65 




Pressure Drop across Cahin-Air Duct Elhoi 

(Sections B-CB and 7-] 

(plotted In fJ 

Lg. 7) 

23 
22 

24 

25 

1430 

2200 

3200 

4600 



0.37 

.60 

1.33 

2.15 



VOTE: See fig. 1 for the location of the sections. 
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TABLE IV.- MEASURED ML PREDICTED ISOTHERMAL AND NON- ISOTHERMAL 

STATIC PRESSURE DROPS 
EXHAUST GAS SIDE 


(lt>/hr) 


Measured 
(in. H 2 0) 


• iso 


Predicted 
(in. H 2 0) 


Measured 
(in. H 2 0) 


non-iso 


Predicted 
(in. H 2 0) 


Pressure Drop across Heater Section 
(Sections a and t>, plotted in fig. 5) 


2570 

O.29 

0.24 

3190 

.45 

•36 

5000 

1.15 

.84 

6500 

1.95 

1.39 

9100 

3.56 

2.64 


Pressure Drop across Heater-Duct System (plotted in fig. 6) 
(Sections E-E and G-G, see fig. l) 


7 

1700 

0.51 

14 

1930 

.6s 

8 

2950 

1.62 

15 

3030 

1.68 

5 

5000 

4.58 

19 

5110 

4.75 

6 

9000 

14.9 


3.02 

2.51 

6.96 

6.37 

19.5 

18.8 
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TABLE V.- TOTAL PRESSURE DISTRIBUTION WITHIN A FLUTE 
ON THE VENTILATING AIR SIDE OF THE HEAT EXCHANGER 
(Section C-C, see fig. l) 


Run 

w 

"a 

Total pressure 
(in. H 2 0) 

Point a 

Point h 

Point c 



I sothermal 

1 

1010 

0.40 

0.4l 

0.26 

2 

2280 

1.66 

1.72 

1.08 

3 

3870 

H.53 

4.88 

2.9S 

4 

5940 

10.2 

10.5 

6.57 



Non-i sothermal 

23 

1430 

1.44 

1.18 

0.88 

22 

2200 

2.74 

2.84 

2.26 

24 

3200 

4.85 

4.95 

4.35 

25 

4600 

8.52 

8 . 92 

5.17 


Location of points 



L 
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fig. 2 



Figure 2,- Thermal output of flattened type heat exchanger using 
parallel air flow shroud, as a function of ventilating 


air rate . 
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Pig. 3 



Pigure 3,- Static pressure drop across air side of fluted-type heat 
exchanger, using parallel air flow shroud, as a function 
of ventilating air rate. 
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fig. 4 



figure 4.- Total pressure drop across air side of fluted-type heat 
exchanger, using parallel air flow shroud, as a function 
of ventilating air rate. 
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fig. 5 



Figure 5.- Static pressure drop across exhaust gas side of fluted-type 

heat exchanger, with additional reducer and diffuser sections, 
as a function of exhaust gas rate. 
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6.- Overall static pressure drop across the exhaust gas side of 
the e jperiroental setup, as a function of the exhaust gas rate. 
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Figure 7.- Total pressure drop across cabin air duct elbow, as a function 
of ventilating air rate. 
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A^htr isothermal static pressure drop across the heater 
passages only, lb/ft 2 (AP'^-p = inches H 2 0) 

APj; s0 total isothermal static pressure drop across heater 
and ducts at temperature ^iso» l'b/f't® 

(AP l ^ s0 = inches H 2 0) 

£ isothermal friction factor defined "by the equation 

AP f J tta 5 

V 55 fl 8/ 

Atjjj. mean temperature difference for crossflow ns de-r — 
fined hy equation (43) of reference 2, °P 

|x viscosity of fluid, lb sec/ft* 

T a mixed— mean temperature of ventilating air at en- 

trance section (point l), °P 

T aa mixed— mean temperature of ventilating air at exit 

section (point 2), °P 

Tg mixed— mean t emperatur e Q of exhaust gas at entrance 

1 section (point l), P 

T g 2 mixed— mean temperature of exhaust gas at exit sec- 

tion ( point 2 ) , °P 

cp x heater effectiveness for crossflow used in equa- 

tion (46) of reference 2 

Ee Eeynolds number = C-D/36OO pg 
Subs cr ipt s 

a vent ilat ing— air side 

c convective conductance 

cs cross-sectional areas 

e 51 ef f ect ive" thermal conductances 

g exhaust— gas side 


h , htr h eat er 



